Objective: To assess progesterone treatment of intractable seizures in women with partial epilepsy.
plies. 2 The existence of catamenial epilepsy draws support from findings in some large clinical studies. 4, 5 Catamenial epilepsy likely relates to 3 factors: 1) some reproductive steroids have neuroactive properties, 6 -9 2) the serum concentrations of neuroactive reproductive steroids vary across the menstrual cycle, 2 and 3) some brain substrates that are susceptible to epilepsy show sensitive structural and electrophysiologic responses to these steroids. 10 -14 Catamenial epilepsy suggests that hormones affect seizure occurrence and, therefore, hormones might have a role in treatment.
The purpose of this investigation was to determine if cyclic adjunctive progesterone supplement is superior to placebo in the treatment of intractable seizures in women with and without catamenial epilepsy.
METHODS Subjects. The women, 13-45 years old, had intractable seizures, i.e., persistent seizures despite trials of Ն2 antiepileptic drugs (AEDs) at therapeutic levels, EEG documentation of focal paroxysmal onset, Ն2 seizures/month during the 3 months prior to enrollment, and stable AED treatment for Ն1 month. All had monthly menses with intervals of 23-35 days. Women were excluded if they had a progressive neurologic or systemic disorder or Ͼ2-fold elevation in liver enzyme levels. None took major tranquilizers or used hormonal contraception during the 3 months prior to enrollment.
Standard protocol approvals, registrations, and patient consents. This study was approved by the Institutional Review
Boards of all 15 participating hospital sites. Written informed consent was obtained from all patients or parents/guardians in the case of minors. The trial was conducted under Food and Drug Administration-approved IND for the investigation of progesterone treatment of epilepsy. The study is listed at http://clinicaltrials. gov/under ClinicalTrials.gov identifier: NCT00029536. Study design. This was a phase III, randomized, double-blind, placebo-controlled, multicenter trial to compare short-term efficacy and safety of adjunctive cyclic natural progesterone therapy vs placebo for intractable seizures in women with partial epilepsy. Women charted seizures and menses for 3 baseline and treatment menstrual cycles. Following baseline, women were classified into catamenial or noncatamenial stratum, based on baseline phase seizure pattern and frequency data using Herzog et al. 5 criteria. Randomization was carried out separately for the 2 strata, 2:1 to progesterone or placebo. Treatment consisted of identical progesterone 200 mg or placebo lozenges, taken 3 times daily on days 14 -28 of treatment cycles. The detailed description is in appendix e-1 on the Neurology ® Web site at www.neurology.org.
Sample size. The trial was designed to populate 2 treatment groups in each stratum. A sample size of 192 randomized women was determined to be necessary for the catamenial stratum to demonstrate a significant difference between progesterone and placebo treatments at ␣ level ϭ 0.05 and power of 0.80 for the clinically meaningful outcome that 35% of progesterone vs 15% of placebo-treated women would show a 50% reduction in sei-zure frequency. The 15% placebo responder rate was based on past AED trials. 15, 16 Enrollment of 640 women was determined to be necessary to obtain 192 randomized women for the catamenial stratum, considering that one-third would meet the criteria for catamenial designation and allowing for 10% dropouts during baseline (figure 1).
Outcome measures. The primary outcome was percent of responders for all seizures combined during treatment as compared to baseline. Secondary outcomes were 1) percent of women who showed Ն50% reduction in average daily seizure frequency (ADSF) for the most severe seizure type (MSST) and individual seizure types (secondary generalized motor seizures [SGMS], complex partial seizures [CPS], simple partial seizures [SPS]), 2) percent of women who became free of seizures, and 3) change in ADSF for all seizures combined, the MSST, and individual seizure types.
Statistical analysis.
Analyses were conducted using the intention-to-treat paradigm that included all available data on all randomized subjects. Women who dropped out of the treatment phase after randomization and before completion of 2 treatment cycles were considered to be nonresponders. Responder rates and seizure-free rates were presented as proportions. Seizure frequencies were presented as ADSF. Changes in ADSF had skewed distributions and were compared as proportions rather than absolute numbers. Outcomes were compared between treatment groups separately for each stratum. Continuous variables were compared using independent t test for normally distributed data and Wilcoxon rank sum test for otherwise distributed data. Proportions were compared using 2 analysis or Fisher exact test. Correlations were determined using Pearson or Spearman bivariate correlational analysis. All significance results are presented as 2-sided p values.
A prespecified stepwise binary logistic regression analysis was carried out on all randomized subjects to identify factors that predicted responders (binary categorical dependent variable) for each treatment regardless of catamenial designation from a set of mixed categorical and continuous demographic (age, BMI, race), epilepsy (laterality, focality, MSST), antiepileptic drug (category), and catameniality (pattern [perimenstrual, C1; periovulatory, C2; entire luteal phase, C3] and level) predictor variables. A multivariate stepwise linear regression analysis identified factors that predicted changes in ADSF from the same set of predictor variables.
Patterns and levels of catamenial seizure exacerbation were established using baseline phase data. They were designated as per our previous definitions 5 that compared ADSF during the phase of exacerbation with comparator phases: C1 pattern: ADSF on days Ϫ3 to 3 compared to the midfollicular (days 4 to 9) and midluteal phase (days Ϫ12 to Ϫ4) phases combined; C2 pattern: ADSF on days 10 to Ϫ13 compared to the midfollicular and midluteal phases combined; C3 pattern: ADSF on days 10 to 3 compared to the midfollicular phase. Catamenial levels represent the multiples of ADSF during the phase of exacerbation compared to the comparator phases.
Planned interim analyses for futility and efficacy were carried out separately for each stratum (appendix e-1).
RESULTS Disposition of subjects. The trial enrolled 462 subjects and randomized 294 (figure 1). Randomization was stopped at 164 subjects for the noncatamenial stratum and 130 subjects for the catamenial stratum when futility analyses showed that the blinded conditional power of the compari-son for the primary outcome for that stratum dropped below 50%.
The progesterone and placebo groups in the 2 strata were comparable for all demographic, seizure, and AED characteristics except for SGMS that occurred more often in women randomized to progesterone than to placebo in the catamenial stratum (78.6% vs 55.6%, p ϭ 0.006) (table 1) .
During the baseline phase, 168 of the 462 women (36.4%) dropped out. The most common reason was inappropriate menstrual cycle length (9.7%) (figure 1). During the treatment phase, there were no differences in exit rates overall or for any particular reason between progesterone and placebo in either stratum (figure 1).
Seizure outcomes: Proportion of responders.
There were no significant differences in the proportions of responders for all seizures combined between progesterone and placebo-treated women in the catamenial (progesterone: 18/79, 22.8% vs placebo: 9/45, 20.0%) and noncatamenial (20/99, 20.2% vs 10/52, 19.2%) strata (table 2) . There were no significant differences in proportions of responders for the MSST between progesterone and placebo in the catamenial (24/79, 30.4% vs 11/45, 24.4%) and noncatamenial (22/99, 22.2% vs 15/52, 28.8%) strata (table 2). Proportions of responders for each seizure type considered individually did not differ significantly between progesterone and placebo treatments for either stratum.
Figure 1 Consolidated standards of reporting trials (CONSORT) flow chart
This is a diagram of the stratification and 2:1 randomization of subjects into 4 treatment groups, including the actual analyzed and originally expected numbers. AED ϭ antiepileptic drug.
There were no significant differences for proportions of women with complete elimination of all seizures: catamenial progesterone (3/79, 3.8%), catamenial placebo (0/45, 0%), noncatamenial progesterone (0/99, 0%), noncatamenial placebo (2/52, 3.8%), or for the proportions of women with complete elimination of their MSST: catamenial progesterone (11/79, 13.9%), catamenial placebo (3/45, 6.7%), noncatamenial progesterone (6/99, 6.1%), noncatamenial placebo (6/52, 11.5%).
Seizure outcomes: Reduction in seizure frequency. There were no significant differences between treatments with respect to proportional changes in ADSF for all seizures combined, MSST, or each seizure type considered separately (table 2) .
Changes in progesterone and AED levels. Progesteronetreated subjects had significantly higher serum progesterone levels during the treatment phase than during the baseline phase for both the catamenial (median [1st, 3rd quartiles] ϭ 44.4 [28.9, 87.9] vs 9.2 [5.1, 13.7], p Ͻ 0.0001) and noncatamenial strata (49.6 [27.0, 88.2] vs 12.0 [7.5, 14 .0], p Ͻ 0.0001). There was no significant difference for placebo-treated subjects (table e-1). Comparisons of AED serum levels between baseline and treatment with progesterone or placebo for the 5 most com- Abbreviations: BMI ϭ body mass index; CPS ϭ complex partial seizures; SGMS ϭ secondary generalized motor seizures; SPS ϭ simple partial seizures.
monly used AEDs (carbamazepine, levetiracetam, lamotrigine, topiramate, phenytoin) showed no significant difference in either stratum (table e-2).
More detailed results will be reported elsewhere.
Predictors of progesterone treatment efficacy: Responders. Logistic regression analysis identified C1 level ( p ϭ 0.001) and C2 pattern ( p ϭ 0.027) as significant predictors of progesterone responders. It showed significant interaction between C1 level and treatment ( p ϭ 0.003). As C1 levels increased from 1 to 10, responder rates increased from 21.3% to 57.1% with progesterone treatment (r ϭ 0.271, p ϭ 0.0005) vs 19.6% to 20.0% with placebo (r ϭ 0.032, p ϭ 0.757) ( figure 2A) .
The difference in responder rates between progesterone and placebo was not significant when considering women with C1 level Ն1.69, the selected cutoff level for designation to the catamenial stratum (progesterone: 27.3% vs placebo: 14.3%; p ϭ 0.1313). Note, however, that the anticipated primary outcome that Ն35% of catamenial progesterone vs Յ15% of placebo-treated women would show a 50% reduction in seizure frequency was realized at C1 level Ն3 where 37.8% of progesterone as compared to 11.1% of placebo-treated women were responders ( p ϭ 0.0372). At each C1 level Ն3, the progesterone responder rates were significantly greater than the responder rate of the combined placebo group.
An estimation of the proportion of women who might respond to progesterone depends not only on the responder rate at any given C1 level but also on the proportion of women who have that level of seizure exacerbation. Baseline data showed that 63 of the 294 women, i.e., 21.4%, had C1 level Ն3, the level which showed the anticipated significant and clinically important separation between the rates of progesterone and placebo responders (table 3) .
The other predictor of responders with progesterone was the C2 pattern ( p ϭ 0.027). There was no significant interaction between C2 pattern and type of treatment ( p ϭ 0.262). C2 pattern did not show a difference in responders between progesterone and placebo (1/28, 3.6% vs 0/14, 0%; Fisher exact test p ϭ 1.000). Rather, women whose seizures showed a C2 pattern had a responder rate that was substantially lower on progesterone than women with either the C1 (1/28, 3.6% vs 15/47, 31.9%; Fisher exact test p ϭ 0.0033) or C3 (1/28, 3.6% vs 11/51, 21.6%; Fisher exact test p ϭ 0.0475) pattern but did not differ significantly from women on placebo (1/ 28, 3.6% vs 0/14, 0.0%; Fisher exact test p ϭ 1.0000).
C1 level was the only significant predictor of progesterone responders for the MSST ( p ϭ 0.005). There was significant interaction between C1 level and treatment ( p ϭ 0.008). There were also signifi- cant interactions between C1 level and treatment for some individual seizure types: SGMS ( p ϭ 0.034) and CPS ( p ϭ 0.016) but not SPS ( p ϭ 0.709).
Progesterone responder rates increased with C1 levels for the MSST from 24% to 64% (r ϭ 0.254, p ϭ 0.001) as well as for SGMS from 31% to 56% (r ϭ 0.256, p ϭ 0.038) and CPS, 29% to 63% (r ϭ 0.211, p ϭ 0.012) but not SPS (r ϭ 0.023, p ϭ 0.839). There was no significant correlation between C1 levels and percent placebo responders.
Predictors of progesterone treatment efficacy: Change
in average daily seizure frequency. Multivariate stepwise linear regression identified C1 level ( p Ͻ 0.001), C2 pattern ( p ϭ 0.021), and epilepsy laterality ( p ϭ 0.039) as significant predictors of changes in ADSF. There was significant interaction between C1 level and treatment (univariate analysis of variance F ϭ 7.537, p ϭ 0.001). There was no significant interaction with treatment for C2 pattern ( p ϭ 0.191) or epilepsy laterality ( p ϭ 0.098). With increasing C1 levels from 1 to 10, the percent reduction in ADSF progressed from Ϫ25.5% to Ϫ71.1% for progesterone (r ϭ Ϫ0.269, p Ͻ 0.001) vs Ϫ25.0% to Ϫ26.3% for placebo (r ϭ Ϫ0.085, p ϭ 0.407) ( figure 2B ). Separation between treatments at each C1 level reached significance at C1 levels Ն4. At each C1 level Ն3, the changes in ADSF in progesterone-treated subjects were significantly greater than the change in ADSF in the combined placebo group. C1 level was the only significant predictor for percent change in ADSF for the MSST ( p ϭ 0.016). Again, there was a significant interaction between treatment and C1 level ( p ϭ 0.005) and ADSF decreased with progesterone (r ϭ Ϫ0.207, p ϭ 0.006) but not placebo (r ϭ Ϫ0.019, p ϭ 0.922).
Figure 2
Responder rates with progesterone and placebo treatment vs perimenstrual (C1) catamenial level of seizure exacerbation (A) Percent Ն50% responders in relation to C1 level: progesterone vs placebo. This is a plot of Ն50% responders vs the level of perimenstrual seizure exacerbation (C1 level). C1 levels were determined during baseline and are expressed as multiples of the combined midfollicular and midluteal seizure frequencies. Each level includes all women who had seizure exacerbation greater than or equal to that specific level of catameniality. With increasing C1 levels, the rate of Ն50% responders increased from 21.3% to 57.1% with progesterone treatment as compared to an increase of only 19.6% to 20.0% with placebo treatment. The anticipated primary outcome that 35% of catamenial progesterone-treated vs 15% of placebo-treated women would show a Ն50% reduction in seizure frequency is realized at C1 level Ն3 where 37.8% of progesterone-treated as compared to 11.1% of placebo-treated women were Ն50% responders (p ϭ 0.0372). In comparison to the responder rate of the combined placebo group, the progesterone responder rates are significantly greater at each C1 level Ն3. (B) Percent change in average daily seizure frequency in relation to C1 level: progesterone vs placebo. With increasing C1 levels from 1 to 10, the percent reduction in average daily seizure frequency (ADSF) (mean Ϯ SEM) progressed from 25.5% to 71.0% for progesterone as compared to 25.0% to 26.2% for placebo. Separation between the treatments reached significance at C1 levels Ն4. In comparison to change in ADSF in the combined placebo group, the changes in ADSF in progesteronetreated subjects are significant at each C1 level Ն3. Serious adverse events. There were 22 serious adverse events (SAEs) among the 462 women, 13 during baseline and 9 during treatment. Of the 9 during the treatment phase, 6 occurred on progesterone and 3 on placebo, commensurate with the 2:1 randomization. The most common SAE (12/22) was hospitalization for seizures: baseline phase 7, treatment phase 5, progesterone 2, placebo 3. Two subjects died, 1 in baseline and 1 during treatment. The baseline death was by suicide, committed after the initial visit. The treatment phase death was attributed to sudden unexplained death in epilepsy and considered unlikely to be related to progesterone treatment. The 8 other SAEs had singular occurrence. Five (nausea, fever and vomiting, cellulitis, insomnia, AED overdose) occurred during baseline and 3 (stomach flu, thyroid carcinoma, blurred vision) on treatment, all on progesterone but considered unlikely to be related to progesterone.
Adverse events. There were no significant differences in proportions of occurrences of any adverse event between the 2 treatment groups within either stratum. Adverse events that occurred with a frequency of Ն5% in any of the 4 treatment groups are reported in table e-3.
DISCUSSION
The findings show that cyclic progesterone is comparable to placebo in the treatment of intractable seizures in women with partial epilepsy. Post hoc analysis identified a subset of women with perimenstrual seizure exacerbation who were responsive to treatment. The principal positive findings are based on a prespecified secondary analysis. The level of perimenstrual catameniality (C1 level) is a predictor of the efficacy of progesterone treatment. There was a significant interaction between C1 level and treatment. With increasing C1 levels, responder rates increased progressively from 21.3% to 57.1% for progesterone vs only 19.6% to 20.0% with placebo. Changes in ADSF progressed from Ϫ25.5% to Ϫ71.0% for progesterone vs only Ϫ25.0% to Ϫ26.3% for placebo. There was also significant interaction between C1 level and progesterone treatment for the MSST, SGMS, and CPS but not SPS. These findings of the secondary analysis require formal confirmation in an investigation of the derived hypotheses.
The separation between responder rates for all seizures combined for progesterone (27.3%) vs placebo (14.3%) treatments was not significant at C1 level Ն1.69, the cutoff level selected for designation to the catamenial stratum. At C1 level Ն3, however, the separation (37.8% vs 11.1%) was significant ( p ϭ 0.0372) and achieved the anticipated clinically important separation goal of the trial.
Failure of the trial to prove the principal hypothesis may relate to the design that attempted to treat 3 patterns of catamenial epilepsy which likely differ in pathophysiology with a single treatment regimen. 2, 5 Specifically, cyclic progesterone supplement may have greater efficacy where progesterone withdrawal (C1 pattern), rather than estrogen surge (C2-periovulatory pattern) or low midluteal progesterone levels (C3 pattern), are causally implicated. The design also assumed that the mathematically determined cutoff for catamenial designation would match the cutoff for significant progesterone response. 5 The absence of a significant difference between progesterone and placebo responders at the C1 cutoff level of Ն1.69 and finding of a significant difference at a clinically important level at C1 level Ն3 may suggest that there is a difference between the catamenial level that mathematically best distinguishes hormonally sensitive seizures 5 and the level that distinguishes progesterone responders at a statistically significant and clinically important level. Alternatively, a larger sample size may be required, i.e., 235 progesterone and 118 placebo-treated subjects to show the demonstrated C1 Ն1.69 progesterone responder rate of 27.3% vs placebo rate of 14.2% with p Յ 0.05 and power of 0.80.
Progesterone is a naturally occurring hormone with a long history of clinical use for the treatment of reproductive disorders, e.g., inadequate luteal phase cycles, infertility, and postmenopausal hormone replacement. Its safe use during pregnancy has been well documented. This novel use of cyclic progesterone supplement as a treatment for women with epilepsy showed a favorable short-term safety profile that did not differ significantly from placebo in the frequency and types of adverse events. The profile is also favorable in comparison to AEDs.
The practical applications are that the detection of a Ն3-fold level of perimenstrual seizure exacerbation by charting of seizures and menses might suggest a favorable response to treatment with adjunctive cyclic progesterone supplement. Periovulatory seizure exacerbation may not respond to progesterone or may require the start of treatment earlier in the cycle than day 14. Since an earlier start to progesterone supplement may disrupt the menstrual cycle and lead to intermenstrual bleeding, there may be a role for the use of synthetic GABAergic steroids, analogues of allopregnanolone such as ganaxolone that are devoid of reproductive hormonal properties and, therefore, can be used throughout the cycle as well as in men. 17 Alternative and perhaps more effective approaches to suppression of the preovulatory estrogen surge include parenteral treatment with depomedroxyprogesterone 18 or GnRH analog with or without hormonal supplement. 19 -21 Investigations of these parenteral treatments, however, have been limited to small open-label trials. Finally, the role of progesterone treatment in primarily generalized epilepsy, especially juvenile myoclonic epilepsy, that is more common in women and tends to develop in adrenarchal and pubertal years, remains to be investigated.
